Introduction
Prezygotic isolation is recognized as being a strong barrier to gene exchange (Gavrilets & Boake, 1998) , and is critical for nonallopatric speciation (Johnson & Gullberg, 1998) . It may also be important in the maintenance of bimodal populations (mixed local populations with a deficit of hybrid genotypes) in hybrid zones (Jiggins & Mallet, 2000) . Prezygotic isolation can be caused by spatial, seasonal, behavioural or mechanical differentiation (Butlin & Ritchie, 1994) and these may act in concert. However, few studies in animals have considered several potential causes of prezygotic isolation at once (but see Feder et al., 1994; Emelianov et al., 2003) . While studies of the evolution of prezygotic isolation during sympatric speciation have often emphasized the role of habitat or host preferences in reducing gene exchange (Diehl & Bush, 1989; Feder et al., 1994) studies of its influence in hybrid zones have tended to focus on mating signal systems (Noor, 1995 (Noor, , 1999 Cain et al., 1999; Jiggins & Mallet, 2000) . It is clear that in order to fully understand the effects of gene exchange on the evolutionary process in wild populations, it is necessary to take into account both behavioural assortment and any factors that prevent contact between individuals of different taxa in the first place.
In this paper, we discuss how prezygotic barriers influence gene exchange in a grasshopper mosaic hybrid zone. Hybrid zones are often characterized by coincident clinal variation in many different characters. These clines are often steep, show a smooth gradation of genotypes across the zone, and are consistent with the expectations of hybrid zones maintained by a balance between dispersal into the zone and selection against hybrids, so called 'tension zones' (Barton & Hewitt, 1985) , although they are also consistent with other models of selection (Kruuk et al., 1999) . The centres of these hybrid zones contain only hybrid genotypes but often with some linkage disequilibria caused by the influx of parental genotypes from outside the zone (Barton & Gale, 1993) . Some hybrid zones on the contrary exhibit mosaicism: deviations from simple clines in the form of interspersed patches of parental-like phenotypes/genotypes. An example is the fire-bellied toad (Bombina variegata/ B. bombina) hybrid zone in Croatia (MacCallum et al., 1998) . Looking at this hybrid zone on a large scale relative to the size of the habitat patches would indicate strong linkage disequilibria and a bimodal distribution of phenotypes and genotypes, but local populations (at individual ponds or puddles) generally only contain a unimodal distribution of genotypes. Mosaic hybrid zones have been linked to spatial variation in selection caused by environmental heterogeneity on a coarse spatial scale relative to dispersal (Howard, 1986; Harrison & Rand, 1989) . This allows differentially adapted genotypes to be maintained as distinct populations, and reduces gene exchange by reducing contact between different genotypes, in the same way as enclosing under different host trees does for Rhagoletis pomonella (Feder et al., 1994) . Other hybrid zones show a different form of departure from tension zone expectations, containing a proportion of local populations with a bimodal distribution of genotypes, for example Heliconius erato and H. himera in southern Ecuador (Jiggins et al., 1997) and the crickets Allenomobius socius and A. fasciatus in the eastern United States (Howard, 1986) . Jiggins & Mallet (2000) suggested that prezygotic isolation maintains bimodality within these mixed local populations.
The Gomphocerine grasshopper species Chorthippus brunneus Thunberg (Orthoptera: Acrididae) is found throughout much of northern and central Europe, but in Spain it is restricted to a narrow band along the north coast and is replaced south of the Cantabrian mountain range by Chorthippus jacobsi Harz. The two species are most readily distinguished by the number of stridulatory pegs (raised lumps on the inside of the femur used to produce the song) in adult males, usually fewer than 80 in C. brunneus, more than 100 in C. jacobsi, although there is a small degree of overlap (Ragge & Reynolds, 1988; Bridle et al., 2001) . They also have highly distinctive male calling songs (Ragge & Reynolds, 1998) . They are thought to be sister species within the 'biguttulus group' of Chorthippus (Ragge & Reynolds, 1998) . The abutting ranges of C. brunneus and C. jacobsi are probably a result of secondary contact following post-glacial range expansion.
Recent studies in the Cantabrian mountains of northern Spain have shown a complex pattern of occurrence of the two species and a wide zone of overlap and hybridization running roughly east to west along the mountain chain (Bridle et al., 2001; Bridle & Butlin, 2002a) . The overlap zone occurs in a region of strong environmental transition just south of the highest part of the Cantabrian mountain chain. Population mean values for peg number and for song characters do not fit closely to a smooth cline, suggesting that the hybrid zone between C. brunneus and C. jacobsi may be a mosaic (Bridle et al., 2001; Bridle & Butlin, 2002a) . Local populations show widely varying values of covariance between stridulatory peg numbers and calling song structure. High covariance and intermediate mean peg numbers in a local population indicate a mixed population containing a high proportion of parental phenotypes. Indeed, the highest covariances found in mixed sites are indicative of samples containing both parental types with few or no hybrid phenotypes (Bridle & Butlin, 2002a) . However, other mixed populations have low covariance values indicating a high proportion of hybrid phenotypes, and unimodal populations with trait values typical of one or other parental species are also common. This hybrid zone is therefore mosaic and partially bimodal.
We assess the contributions of assortative mating and spatial and seasonal isolation to premating isolation in this hybrid zone, and discuss their influence on bimodality and the mosaic pattern of overlap between C. brunneus and C. jacobsi. Post-mating prezygotic barriers to fertilization (Howard et al., 1998) , which would further enhance prezygotic isolation if they led to homogametic sperm preferences, were not measured, nor were any forms of post-zygotic isolation.
Materials and methods
The intention was to assess patterns of assortative mating and seasonality and the relationship between population composition and habitat, and then to combine those data to produce overall premating isolation indices. For details of the production of isolation indices see the Results section below.
Assortative mating
Live adult females of the two parental types (20-30 per site) were collected at each of two sites per species near the hybrid zone between 22 and 27 August 1996, and at the same four sites plus one other between 31 August and 2 September 1998. Two sites were on the north coast directly north of the main study area, in a region where only C. brunneus phenotypes were present. They were 'Playa de San Antolin' (43°26¢36N, 4°51¢56W) and 'Pechon' (43°22¢38N, 4°29¢51W). The other three sites were to the south of the Cantabrian mountain range, well into the region where only C. jacobsi phenotypes were present. They were 'Villalon' (42°06¢36N, 5°01¢12W), 'Bustillo' (42°09¢27N, 5°07¢28W) and 'Cervatos' (42°16¢55N, 4°45¢58W). Females were kept in site-specific cages and given fresh grass (Dactylis glomerata) every second day. Egg pods were collected every 2 days.
Rearing of offspring was carried out in spring 1997 and spring 1999. Egg pods were placed in four populationspecific cages in 1997 (one cage for each collecting site), and in four species-specific cages (two cages each with a mixture of grasshoppers from the C. brunneus collecting sites, and two cages with grasshoppers from the three C. jacobsi collecting sites) in 1999. The grasshoppers were given fresh D. glomerata every second day.
Adults were given cage-specific marks on the back of the pronotum using acrylic paint, within 24 h of eclosion, at which point males and females were separated to ensure virginity.
Experiments were carried out between 09:00 and 19:00 hours. All individuals used were at least 6 days post-eclosion to ensure reproductive maturity (Green, 1987) . Each replicate contained one male and one female of both species (i.e. four individuals), and so each individual had a choice of two partners with which to mate. Each female was used only once, while individual males were used repeatedly. No two individuals from the same cage were placed together for experiments, to avoid cage or population-specific preferences confounding the effects of species-specific assortative mating. This left four possible species/cage combinations. All four individuals in each replicate were placed in the cage simultaneously without any previous contact. Room temperature was kept above 25°C. The experimental cages were heavy open-topped plastic containers, 40 cm long, 30 cm wide and 24 cm tall. Sponge was glued around the inside to deaden echoes. A thin layer of soil was present in the bottom of each cage. Nylon mesh was placed over the top and kept in place during experiments with elastic. Fresh grass was placed loose in each cage every day prior to beginning the experiments. A 40 W incandescent lamp was placed directly above each cage for the duration of experiments every day.
A record was made of the first mating to take place. If no matings had occurred after 2 h the grasshoppers were removed from the cage and the replicate was recorded as 'no mating'. The population and sex were recorded for the first mating pair only. There were 82 replicates with matings in 1997 and 69 in 1999.
Data analysis was based on the method of Davies et al. (1997) , which uses likelihood techniques to estimate isolation and mating propensity simultaneously. The method was also used by Tregenza et al. (2000) .
Matings were separated into the four possible mating types (male C. jacobsi/female C. jacobsi; male C. brunneus/ female C. brunneus; male C. jacobsi/female C. brunneus; male C. brunneus/female C. jacobsi).
The models fitted to the data contain up to three parameters:
(1) I the overall isolation index. Zero indicates random mating, )1 is complete disassortment and 1 is complete assortment (Gilbert & Starmer, 1985) .
(2) V j mating propensity of female C. jacobsi (probability of mating relative to female C. brunneus). (3) W j mating propensity of male C. jacobsi (relative to male C. brunneus).
The parameters W b (the mating propensity of male C. brunneus) and V b (the mating propensity of female C. brunneus) were set to 1.
The expected probabilities of the four mating types were as follows:
(1) Female C. jacobsi with male C. jacobsi (j · j)
The iterative optimization procedure of Genstat (Genstat 5.3, 1995) was used to estimate the maximum likelihood parameter values and their standard errors. Log-likelihood was calculated as in Davies et al. (1997) .
Four models were used: 1. Random mating. Mating propensities were assumed to be equal and I was set to zero. 2. Mating propensity. I was set to zero and V j and W j were estimated. 3. Assortative mating. Mating propensities were assumed equal and I was estimated. 4. Assortative mating and mating propensity. I, V j and W j were estimated. This is identical to the model of Davies et al. (1997) .
Model 2, with I set to zero but mating propensities free to vary, was attempted but never achieved convergence.
Field collections
Collections of male grasshoppers from within the hybrid zone were made for studies of seasonal and spatial separation between 26 June and 31 August in 1997, between 26 June and 1 September in 1998, and between 8 and 19 June in 1999.
Site spatial co-ordinates and altitudes were taken from 1 : 10 000, 1 : 50 000 or 1 : 200 000 Spanish military maps. The arrangement of sites is illustrated in Fig. 1 .
Peg number counts were carried out on all fieldcollected grasshoppers using a Zeiss Stemi SR binocular microscope at ·50 magnification (Zeiss, Oberkochen, Germany).
Seasonality
Four sites within a 25 km 2 area containing both species (Table 1 , Fig. 1 ) were used in 1998 to investigate seasonal changes in peg number distributions (Fig. 1 , sites 1, 2, 3 and 4). Sites 1-3 were large valley-bottom meadows, while site 4 was a small patch of disturbed ground, also in the valley-bottom. Three collections were made at each of the four sites, one early in July, a second early in August and a third at the end of August. Thirty to 33 adult males were collected at random in each sample.
Spatial isolation
Collections were made from within a 25 km 2 area (Table 1 , Fig. 1 ) near the estimated cline centre for stridulatory pegs (Bridle et al., 2001) . The area contained a section of the Rio Esla valley plus surrounding mountain habitats. It was larger than the estimated cline width for stridulatory pegs (4.7 km) and song (2.8 km).
Collecting sites were up to 50 · 50 m in size. No account was taken of the presence or absence of grasshoppers before choosing each collecting site. Collections were therefore made from a wide variety of mountain and valley habitats without the influence of preconceptions about suitable environment (Table 1, Fig. 1 ). Several collections were made at some sites (Table 1) .
Habitat analysis
Habitat data (Table 2) were collected from 10 or 20 randomly placed 1 m 2 quadrats at each site. The percent cover of 23 plant types (19 identified to species) was estimated in each quadrat. Some were not identified to species level in order to minimize the number of variables, and because it was thought these higher taxa might still be informative. The percentage cover of bare earth, solid rock and dead organic matter was also recorded. For trees or shrubs the percent cover at or near ground level was estimated, ignoring overhanging vegetation. The variable 'herb' was the percentage of the total vegetation mass within the quadrat made up of dicotyledons. A value for shadow, from 0 for no shade to 3 for at least 80% shade, indicated the estimated proportion of the day in which the quadrat was in shadow (caused by overhanging vegetation). 'Tussock' was an estimated value of vegetation clumping, from zero indicating an even spread to three indicating the vegetation was split 
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into definite clumps or tussocks. Statistical analysis was carried out using GLM MANOVA MANOVA to test for significant differences in quadrat-measured variables between groups of sites with distinct peg number distributions (see Results below). In addition, Canonical Variate analysis was employed to reveal the relative contribution of each habitat variable to discrimination between the peg clusters.
Results

Assortative mating
The four possible cage combinations in each experiment were pooled, leaving two 2 · 2 matrices of mating patterns: one for the 1997 results and one for 1999.
Using the straightforward assortment model (model 3), there was no difference in the goodness of fit (v 2 1 ¼ 0.34, ns) when 1997 and 1999 experiments were analysed separately versus the combined data. Using the model of Davies et al. (1997) (model 4) there was also no significant improvement in goodness of fit (v 2 3 ¼ 4.44, ns). Therefore, the data from the two years were combined into one matrix for further analyses (with three degrees of freedom because only the total number of trials was fixed).
There was highly significant positive assortment between C. brunneus and C. jacobsi (model 1 vs. model 3: v 2 1 ¼ 56.16, P < 0.001; Table 3 ). Model 4 (mating propensity) did not fit the data significantly better than straightforward assortment (model 3 vs. model 4: v 2 2 ¼ 5.80, P ¼ 0.055). The isolation index of model 3 (I ¼ 0.59, support limits 0.44, 0.72), in which mating propensities were assumed equal, was the best estimate of isolation in this instance. The isolation index for model 4, I ¼ 0.58, was well within the support limits for model 3 and so choice of model was unlikely to strongly influence interpretation of results.
Seasonal patterns
The mean and variance of peg numbers from field collections gives an indication of the similarity in population composition to parental phenotypes for this trait. All four localities contained peg number distributions indicative of the presence of both species. Peg number mean and variance decreased between the first and second collections in the three meadow sites (sites 1, 2 and 3), but not in the patch of disturbed ground (site 4; Table 4 ; Fig. 2 ). The change in the meadows was because of a transition from a high proportion of typical C. jacobsi peg numbers in July, with some C. brunneus present causing a high variance, to predominantly C. brunneus peg numbers in August. In the patch of disturbed ground (site 4) there was no seasonal change in population composition; it consistently contained a broad range of peg numbers. 
Spatial patterns
In the 25 km 2 area, collections in some sites were made only in August, while in other sites collections were also made in June/July (Table 1 ). There were two distinct clusters of peg number distributions when combining all the data (Fig. 3a) , equating to sites with collections containing phenotypes typical of both species (cluster 
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'm') vs. sites with only typical C. jacobsi phenotypes collected (cluster 'j'). Site 10 showed the biggest deviation from values expected with parental phenotypes, indicating a greater proportion of hybrid phenotypes at this site. The one site not found in either cluster (site 9) had a low mean and also a low variance in peg numbers, indicating that collections at this site only contained typical C. brunneus phenotypes. No collections were made early in the season at this site (when C. jacobsi were more common in similar habitat elsewhere), but male C. jacobsi were heard calling there in July 1998 (R. Bailey, pers. obs.). Some but not all mixed sites showed significant seasonal differences in population composition, indicating that the switch to mostly C. brunneus in August did not occur in all mixed sites. The range of peg number means and variances using only the August collections (all sites) therefore showed that three rather than two distinct clusters were present in this time period (Fig. 3b) : 'b' (C. brunneus-only), 'm' and 'j'. Cluster 'b' populations were in large meadows in the Rio Esla valley between 850 and 1050 m above sea level. Cluster 'm' populations were other habitats, including small meadows and disturbed ground, in the same area. All cluster 'j' populations (the same four sites in Fig. 3a and b) were above 1050 m and away from the valley bottom (Fig. 1) . Both spatial variation in selection and differing habitat preferences can lead to differing habitat associations and hence to spatial isolation between taxa. It was therefore necessary to evaluate the relationship between 'peg cluster' (as an indicator of species composition) and habitat. GLM MANOVA MANOVA revealed significant differences in habitat between the three August peg clusters (Table 2 ; Fig. 3b) as assessed in the quadrats (F 58,320 ¼ 4.80, P < 0.001). Sites in clusters 'm' and 'b' contained much greater abundances than cluster 'j' sites of a combination of ruderal plant taxa and taxa common in meadows with moist, fertile soil (Grime et al., 1990 ; Table 2 ). Plant taxa more abundant in cluster 'j' (the C. jacobsi-only cluster) were mainly indicative of relatively old and semi-natural, infertile, grazed fields (though only E. campestre was significantly more abundant after Bonferroni corrections). There were higher incidences of bare earth, dead organic matter and solid rock, and higher values for 'Tussock', in cluster 'j'. There was greater shadow and a higher incidence of trees/shrubs in cluster 'j'. The differences between clusters 'm' and 'b' (both containing C. brunneus phenotypes) were fewer, but there was significantly greater shadow in cluster 'm' than cluster 'b'. There was also a greater abundance of Hypochaeris radicata, a very drought-tolerant ruderal (Grime et al., 1990) , in cluster 'm' than in either 'b' or 'j'. A marginally significantly higher abundance of Medicago sativa (Lucerne, a crop grown for animal feed) occurred in cluster 'b' than in 'm'. In the canonical variate analysis, CV axis 1 differentiated cluster 'j' from 'b' and 'm', and included 88.37% of the variation in habitat variables. CV axis 2 differentiated cluster 'b' from cluster 'm', and included the remaining 11.63% of the variation. Correlation of individual unit scores on each CV axis with the original variables in each quadrat revealed a close relationship between the pattern of variable differentiation in the MANOVA MANOVA and the relative contribution of each variable to discrimination between peg clusters (Table 2) .
Premating barriers to gene exchange
Patterns found in the 25 km 2 area could be used, along with the results of the mating experiments, to make an estimate of the overall premating isolation in this region. The aim was to examine how the intrinsic features of two differentiated taxa reduced the mating rate below that expected if they were not differentiated. The mating experiments showed intrinsic differences in sexual signalling systems. The seasonal changes in species proportions, where they occurred, were consistently in the same habitat and showed the same pattern. All populations (Table 1) .
Crosses are expected values for populations containing parental phenotypes (see Fig. 2 legend) .
above 1050 m were allopatric populations of C. jacobsi, and these were in different habitat to mixed populations. Hence the seasonal changes in species proportions in mixed sites, and the spatial isolation for C. jacobsi, existed because of intrinsic differences between the species. We assumed that in the absence of these intrinsic differences there would be no consistent spatial or seasonal species differences and no assortative mating, so there would be an average of 50% 'hybrid' matings per generation. The components of isolation that could be estimated from the data were spatial and behavioural isolation and the effect of differing proportions of the two species in mixed sites. Seasonal isolation could not be estimated directly because changes over time in absolute population densities were not recorded, but the data could be split into two seasons identified as having different population compositions (June/July vs. August, see above), and a separate isolation estimate made in each. Population peg number means and variances were similar to those expected in populations with few hybrids (Fig. 3) , so for simplicity we treated the area as an overlap between parental genotypes and ignored the possible existence of hybrid genotypes. The best cut-off point for distinguishing the two species using peg numbers is 90 pegs (Bailey, 2000) , so individuals with peg numbers up to and including 90 were assumed to be C. brunneus, and those with peg numbers above 90 C. jacobsi. Our measure of premating isolation was on the same scale ()1 to 1) as a standard isolation index (Gilbert & Starmer, 1985) : )1 ¼ 100% heterospecific matings, 0 ¼ 50% heterospecific matings, 1 ¼ 0% heterospecific matings. We calculated an overall isolation index, showing the potential for gene exchange, and a separate index for each species, showing the potential for genetic introgression into each species' gene pool.
Overall isolation
The isolation index of I ¼ 0.59 derived from mating experiments was the degree of isolation in populations with equal sex and species ratios. When the proportions of the two species differ within a population I does not convert easily into a measure of the outcome of encounters between pairs of individuals. For this reason, to account for differences in species proportions in mixed sites we notionally split the population into a 'mixed' population (with equal species ratios) and a 'pure' population (in which all matings were between members of the commoner species). For example in a population of 100 grasshoppers, 60 of which were C. brunneus, 80% of the individuals (all 40 C. jacobsi plus 40 C. brunneus) were considered to be in a mixed population, and 20% (the remaining 20 C. brunneus) in a pure population. The proportion (P) of a mixed population that was notionally pure was therefore:
where p i was the proportion of one of the two species in a mixed population. Hence, in mixed sites only, overall isolation (I¢) including the effects of behaviour and species proportions was:
In the absence of behavioural isolation the difference in species proportions completely determined the overall isolation value.
Populations containing only one species were spatially rather than notionally pure. To incorporate these into overall isolation required the assumption that the population density within each species was uniform across the area where it occurred. In order to allow for differences in density between species, the species proportions in all mixed sites combined (p j and p b for C. jacobsi and C. brunneus respectively) were assumed to reflect the likely densities in allopatric populations. The fraction of allopatric individuals (A) was therefore:
where a b and a j were the fractions of the landscape containing only C. brunneus or C. jacobsi respectively, and p b and p j scaled these values to the relative densities in mixed populations. Equation (2), the influence of behavioural isolation and differing species proportions in mixed sites, could then be nested within the fraction of individuals in allopatric populations:
The proportion of the landscape occupied only by C. brunneus was assumed to be zero as no allopatric populations were identified within the study area. The proportion of the landscape occupied only by C. jacobsi (all land in the study area above 1050 m) was estimated as 0.75 (Fig. 1) .
Isolation for individual species
Notional isolation because of unequal proportions in mixed populations is always asymmetric and in this study area spatial isolation was also asymmetric. The level of introgression therefore differed between species, with the less isolated species suffering greater introgression. The same formulae as above were used to calculate isolation for each species individually but with some minor alterations. For C. jacobsi:
And C. brunneus:
For the rarer species in a mixed population, mating tends to be disassortative unless there is strong behavioural isolation. This is reflected in negative values for P, and for I¢ unless I is sufficiently large.
Isolation in the study area as a whole (Table 5) was similar in June/July and August, and also similar to the 0.06 probability of heterospecific matings per generation in Rhagoletis (Feder et al., 1994) . A bigger seasonal change in isolation occurred for C. brunneus than for C. jacobsi. This was probably because of the fact that the seasonal change in relative species proportions only affected 25% of the individuals of C. jacobsi (due to 75% being spatially isolated throughout the season), but affected all C. brunneus populations because they were all sympatric with C. jacobsi. The amount of gene exchange suggested by these values depends greatly on how the absolute population densities of the two species changed over the season. Although casual observations suggested that the absolute densities of C. jacobsi decreased in August and those of C. brunneus increased, quantitative data were not collected. For example the average Phet (see Table 5 ) for C. brunneus if its population density did not change would be 0.16, whereas if only 1% of the total individuals of this species were present in June/July the value would be 0.03. The values for C. jacobsi would be 0.06 (no change) and 0.02 (1% present in August).
Discussion
How does the analysis of potential for gene exchange affect interpretation of the structure of this hybrid zone?
Spatial separation, differing relative population densities and behavioural isolation all contributed to a reduction in the potential for gene exchange in the study area. Differences in spatial distribution were associated with habitat differences indicating a role for habitat heterogeneity in premating isolation. Seasonal differences were also apparent and contributed to isolation, but this contribution was difficult to quantify accurately in the absence of absolute population density estimates. Isolation was similar to that estimated in other wild populations. Feder et al. (1994) estimated 6% gene exchange per generation between apple and hawthorn host races in wild populations of the apple maggot fly, R. pomonella. Emelianov et al. (2003) estimated 3% gene exchange between larch and pine host races of the larch budmoth, Zeiraphera diniana. However C. brunneus and C. jacobsi differ from these species because they are generalist herbivores, and not likely to be maintained as host races.
Although for simplicity we assumed the absence of hybrid genotypes, data from peg numbers alone cannot confirm this, and indeed at least a small number of hybrids might be expected as large numbers have been found elsewhere in the hybrid zone (Bridle & Butlin, 2002a) . Assessing the contribution of the presence of a proportion of hybrids to prezygotic isolation is beyond the scope of this analysis, but future studies of covariance between peg numbers and song characters in the study area will shed more light on this aspect.
An issue in this analysis was the scale over which isolation was estimated. If the measure of premating isolation presented here were to be applied at the scale of a continent it would indicate nothing about the processes affecting the internal structure of the hybrid zone. At the scale of local populations isolation would be highly variable in this hybrid zone because mixed, hybrid and allopatric populations all occur. So what is the appropriate scale? One genetic neighbourhood for these grasshoppers was estimated to be between 30 and 130 m in diameter (R. Bailey, unpublished data), considerably smaller than the 5 · 5 km area used in this study. A scale much smaller than the one used here, for example 1 km 2 , would miss either the spatial isolation of C. jacobsi or even the existence of mixed sites, depending on its exact location. For this reason an area was chosen that was large enough to cover more than one biome but small enough for gene exchange between populations to be possible on a regular basis (these grasshoppers can fly and are capable of moving quite long distances). The potential for at least occasional gene exchange between differentiated populations exists in this system and leaves open the possibility that selection is maintaining the differences between these populations.
It is likely that level of gene exchange reported here would rapidly remove species differences unless selection occurred against the production of unfit hybrids (Feder Table 5 Isolation index (I¢) and probability of heterospecific matings [Phet ¼ (1 ) I¢)/2] calculated separately in June/July and August for the whole population, Chorthippus brunneus and C. jacobsi, with maxima and minima in brackets (based on I ± 10%, p ± 0.1, a j ± 0.1). , 1994) . Therefore post-zygotic isolation may be required for prezygotic isolation to be maintained, and hence to prevent the collapse of the hybrid zone into a straightforward clinal hybrid zone. No studies to date have addressed selection against hybrids in this system, although the lack of chromosomal differentiation (Bridle & Butlin, 2002b) suggests that chromosomal incompatibilities are not likely to contribute to endogenous post-zygotic isolation. As in the case of Rhagoletis, environmental selection against hybrids may be helping to maintain gene exchange at very low levels. Despite the current lack of evidence for post-zygotic isolation, either endogenous or environmental, it is clear that prezygotic isolation is being maintained by something, and is associated with intrinsic differences between the species. The mosaicism and habitat associations in this hybrid zone may exist because the two species have reached different adaptive peaks, leading them to be fitter in different habitats (Harrison, 1993) and the partial spatial separation caused by habitat distributions may reduce gene flow between differentiated populations sufficiently for these adaptive peaks to be maintained. In the hybrid zone between the fire-bellied toads, Bombina bombina and B. variegata, linkage disequilibria in the centre of the hybrid zone were much higher in Croatia in a region where habitat preferences led to an association between breeding habitat type and genotype (MacCallum et al., 1998) , than in Poland in a region where no such habitat associations occurred (Szymura & Barton, 1986 . It is not clear whether there was a difference between these locations in the distributions of the habitat types favoured by each species, but in a second Croatian transect with a broader patchwork of overlapping habitats, the mosaic nature of the hybrid zone was more pronounced (Szymura, 1993) . In Bombina it seems that spatial separation of breeding individuals is important in maintaining parental genotypes. What about the sympatric populations containing parental phenotypes that exist in this zone (Bridle & Butlin, 2002a) ? There are two possible explanations for these bimodal populations: occasional movement of one parental genotype into the 'wrong' habitat, followed by selection against it, or the two parental genotypes being maintained in complete sympatry despite some hybridization. In Rhagoletis and the more mosaic parts of the Bombina hybrid zone both genotypes do occur in the 'wrong' place (alternative host trees in Rhagoletis, alternative habitat patches in Bombina). This is offset by selection related to eclosion time in Rhagoletis, and there is probably also selection against the dispersers in Bombina as a large proportion of the hybrids in these mixed populations are F1s (Szymura, 1993) , indicating recent contact (F1 hybrids are rare in non-mosaic parts of the hybrid zone). Different habitat or host preferences are likely to play a role alongside selection in both Rhagoletis and Bombina (MacCallum et al., 1998) . It is unlikely to be the case in Chorthippus that one species is in the 'wrong' habitat in mixed sites because the habitat patches are often much bigger than one genetic neighbourhood, limiting the probability that the consistently large numbers of C. jacobsi in sympatric populations were all recent immigrants. This is not true for the sympatric Rhagoletis, nor for Bombina in which dispersal is often much greater than the distance between habitat patches with distinct genotypic compositions (MacCallum et al., 1998) .
Is spatial isolation relevant to the existence of mixed bimodal populations? There are several possible scenarios in which bimodality might be maintained in Chorthippus. First, the two species might be able to remain distinct when they occur in sympatry regardless of the distribution of habitat types or the presence of allopatric populations. In this case spatial isolation should not be included in an informative measure of gene exchange. Secondly, there may be some intrinsic character of the particular habitats in which mixed bimodal populations occur that allows prezygotic isolation to be maintained. The distribution of bimodal sites would then be related solely to the distribution of this habitat, and habitat heterogeneity and spatial isolation would again not be required for bimodality to be maintained. Thirdly, dispersal from nearby allopatric populations, maintained as such by habitat effects, into mixed sites may prevent the loss of one or other species or the formation of a hybrid swarm. In this case spatial isolation would be an important component in a measure of prezygotic isolation relevant to bimodality. Dispersal between populations can lead them to evolve to the same adaptive peak (Lande, 1979; Barton & Rouhani, 1991) . A steady supply of parental genotypes from a region in niche space where they were protected from introgression (such as spatially isolated populations) might (a) reduce the influence of gene exchange and recombination to some extent by reducing the proportion of recombinant individuals in the mixed population, and (b) increase the maintenance of parental genotypes in sympatry by selection towards the same adaptive peak as allopatric populations. There are intrinsic differences between C. brunneus and C. jacobsi that lead to premating isolation, and so selection to maintain the two adaptive peaks would also maintain premating isolation. This argument differs from the controversial idea of reinforcement in hybrid zones, in that selection favours the convergence rather than divergence of sympatric and allopatric populations of the same taxon, and so should be enhanced by gene flow between these populations rather than be made less effective. To understand the relevance of the overall isolation estimate presented here it is therefore important to know whether the bimodal populations are habitatspecific, and whether a proportion of allopatric populations is a requirement for the nonallopatric coexistence of parental genotypes within the hybrid zone. There is certainly consistency in population composition, and seasonal changes, within habitats in the 25 km 2 study area, suggesting an influence of habitat.
Habitat distributions in other parts of the hybrid zone are not known in detail, but if some spatial separation were a necessity for maintenance of bimodal sympatric populations one would expect the maintenance of parental genotypes to decrease with decreasing habitat heterogeneity, and both bimodality and mosaicism to disappear.
These studies show that there are strong premating barriers to gene exchange in this part of the hybrid zone. It is now important to study the influences of the various possible forms of post-zygotic isolation, and of habitat and genotype composition elsewhere in the hybrid zone.
